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Using angle-resolved photoemission spectroscopy we have studied the low-energy electronic struc-
ture and the Fermi surface topology of Fe1+yTe1−xSex superconductors. Similar to the known iron
pnictides we observe hole pockets at the center and electron pockets at the corner of the Brillouin
zone (BZ). However, on a finer level, the electronic structure around the Γ- and Z-points in k-
space is substantially different from other iron pnictides, in that we observe two hole pockets at
the Γ-point, and more interestingly only one hole pocket is seen at the Z-point, whereas in 1111-,
111-, and 122-type compounds, three hole pockets could be readily found at the zone center. An-
other major difference noted in the Fe1+yTe1−xSex superconductors is that the top of innermost
hole-like band moves away from the Fermi level to higher binding energy on going from Γ to Z,
quite opposite to the iron pnictides. The polarization dependence of the observed features was used
to aid the attribution of the orbital character of the observed bands. Photon energy dependent
measurements suggest a weak kz dispersion for the outer hole pocket and a moderate kz dispersion
for the inner hole pocket. By evaluating the momentum and energy dependent spectral widths,
the single-particle self-energy was extracted and interestingly this shows a pronounced non-Fermi
liquid behaviour for these compounds. The experimental observations are discussed in context of
electronic band structure calculations and models for the self-energy such as the spin-fermion model
and the marginal-Fermi-liquid.
PACS numbers:
I. INTRODUCTION
The present consensus for the normal state of the
high-Tc iron-based superconductors is that they show
strange metallic character1,2 near a quantum critical
point (QCP)3, that is reached by either charge car-
rier doping, chemical pressure or by applying mechan-
ical pressure to the parent compound.4–6 This strange
metallic character is attributed to strong antiferromag-
netic spin fluctuations, originating from interband scat-
tering between the hole and electron pockets located in
the center and corner of the Brillouin zone, respectively.7
Comparing the iron pnictides and the iron chalcogenide
systems, FeTe and FeSe, the latter have been suggested
to possess stronger many-body correlation effects near
the Fermi level from density functional theory (DFT)
plus dynamic mean-field theory (DMFT) calculations.8
This conclusion is supported further by transport mea-
surements9 and photoemission10–13 experiments. More
recent theory work has also argued that for the iron
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2chalcogenide systems, electron correlations lead to bad-
metal behavior, despite the intermediate values of the
Hubbard repulsion U and Hund’s rule coupling J.14
Strong interest in the iron chalcogenides has been
rekindled recently due to the spectroscopic observation
of superconducting energy gaps at and above the boil-
ing point of liquid nitrogen for single unit-cell thin films
of FeSe on SrTiO3 substrates.
15 These systems are now
the record-holders for highest Tc in the Fe-based super-
conductors. Recently, ARPES data have been modelled
to extract theoretical parameters suggesting that cou-
pling of a SrTiO3 phonon can significantly enhance the
magnetism-driven pairing energy for the electrons in the
single unit cell thick film of FeSe.16
Also of interest have been the recent and ongoing dis-
cussions as to whether a Fermi liquid ground state is
the appropriate description for optimally n-type (elec-
tron) doped BaFe2As2. DMFT calculations argue for
canonical Fermi liquid character when the Ba122 com-
pound is optimally doped with electrons, while optimal
hole doping leads to strong band renormalization near
the Fermi level and thus to non-Fermi liquid character.17
Recent optical experiments on n-doped BaFe2As2 would
seem to offer partial support for this,18 but other ex-
perimental data from transport,19 thermal properties,2
NMR,20 quantum oscillations21 and photoemission mea-
surements22 suggest non-Fermi liquid character near the
quantum critical point in the BaFe2As2 system when
doped with charge carriers of either sign or upon applying
chemical pressure.
Thus, given the backdrop of new data and insights into
novel, high temperature pairing phenomena in the iron
chalcogenides, and the ongoing, lively discussions as to
the Fermi liquid (or not) behavior in the iron pnictides, it
is of great interest to examine the iron chalcogenides from
the point of view of Fermi liquid theory and how strong
electron correlations make themselves felt. Indeed, one
theory report suggests non-Fermi liquid behaviour also
for the chalcogenides.23
There are various angle-resolved photoelectron spec-
troscopy (ARPES) studies10,12,13,24,24–29 which indicate
that the Fe chalcogenides show strong electron correla-
tion effects. It should be noted that all these studies of
correlation effects have been carried out in the Γ−M−X
plane in 3D k-space. As yet, no report has been made of
if and how the picture changes upon variation of the kz
value in these compounds, and most experimental studies
have inferred the impact of electronic correlation from the
renormalisation of the band structure (band velocity).
In this paper we present electronic structure studies of
Fe1+yTe1−xSex superconductors using and combination
angle-resolved photoelectron spectroscopy (ARPES) and
DFT calculations. We compare the experimental results
with our DFT calculations, as well as with other exist-
ing experimental and theoretical reports on these sys-
tems.10,23,30–37 Our ARPES data enable attribution of
the orbital character of the bands involved (by exploit-
ing photon polarization) and we explicitly examine the
role of kz (by variation of the photon energy) for the hole
pocket states along the Γ−Z (k) direction. The data sug-
gest weak kz dispersion for one hole pocket, while a mod-
erate kz dispersion is observed for the other hole pocket
at the Brillouin zone center, a result which is consistent
with the DFT calculations. In agreement with previous
reports,24,38 the hole pockets display a mass renormal-
ization (m∗/mb) of 2-4 at higher binding energies. The
experimental data are also analyzed with respect to a
possible kz dependence of the mass renormalization and
the Fermi velocity (vF ). The ARPES data have also
been fitted so as to enable estimation of the imaginary
part of the self-energy (=Σ). Our results suggest a de-
parture from canonical Fermi-liquid behaviour for the
quasi-particles near the zone center. In particular, the
imaginary part of the self-energy is linear in energy for
the inner hole pocket, whose band top generates a van
Hove singularity (vHs) near the Fermi level. This linear-
in-energy self-energy is shown to be well described using
a marginal-Fermi-liquid theory (MFL)39 approach with
a coupling constant (λ) of 1.5.
II. EXPERIMENTAL DETAILS
ARPES provides information on the energy and mo-
mentum dependent spectral function.40 By detecting the
emitted photoelectrons at various angles one can extract
the in-plane (kx − ky plane) electronic structure, while
by changing the photon energy it is possible to derive
the kz dependent electronic structure. Using polarized
photons, due to the matrix element effects, it is possi-
ble to obtain information on the orbital character of the
detected bands.
Single crystals of Fe1.068Te1−xSex (x = 0.36 and 0.46)
were grown in Amsterdam by the Bridgman technique
using self-flux. The crystals show superconducting tran-
sitions at Tc ≈ 11 K and 15 K with x=0.36 and 0.46,
respectively. Further elemental analysis on these single
crystals are reported elsewhere, as are data showing them
to possess simple, high quality and non-reconstructed
cleavage surfaces.41. Another set of high quality of
Fe1+yTe0.5Se0.5 (y <1%) single crystals were grown in
NPL, Delhi using the self-flux growth technique. These
crystals showed a Tc of 14 K. The elemental analysis of
these crystal is reported elsewhere.42
ARPES measurements were carried out in BESSY II
(Helmholtz Zentrum Berlin) synchrotron radiation fa-
cility at the UE112-PGM2b beam line using the ”13-
ARPES” end station equipped with SCIENTA R4000 an-
alyzer.43,44 The total energy resolution was set between
5 and 10 meV, depending on the applied photon energy.
Samples were cleaved in situ at a sample temperature
lower than 20 K. All the measurements were carried out
at a sample temperature T ≈1 K.
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Figure 1: (Color online) ARPES spectra of Fe1.068Te0.54Se0.46
measured with an excitation energy hν=75 eV using p-
polarized light. (a) is the Fermi surface map. The light polar-
ization vector (~ε) is displayed on the figure. Panels (b), (d)
and (f) show energy distribution maps (EDMs) taken from
cuts #1, #2 and #3, which are overlaid on the Fermi surface
map. Panel (c) shows the energy distribution curves (EDCs)
from the EDM shown in (b). Panels (e) and (g) contain the
second derivatives of the EDMs shown in (d) and (f), respec-
tively. The sample temperature was 1K.
III. CALCULATIONS
To understand the experimental data we have per-
formed a theoretical analysis of the electronic band struc-
ture of FeSe, following Ref. 45. Using a three-dimensional
tight-binding parametrization of the LDA (local density
approximation) band structure, we computed the Fermi
velocity variation along the kz direction for the three
hole pockets near the center of the Brillouin zone. The
hole pockets which possess mostly xz and yz character,
mixed with x2 − y2, demonstrate a weak kz variation of
the Fermi velocity, while the variation is stronger for the
hole pocket which has an admixture of z2 orbital charac-
ter. We expect this variation to be further enhanced by
the effects of short-range electronic correlations, which
are not included in our LDA-based calculations.
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Figure 2: (Color online) ARPES spectra of Fe1.068Te0.54Se0.46
measured with an excitation energy hν=75 eV using s-
polarized light. (a) is the Fermi surface map. The light polar-
ization vector (~ε) is displayed on the figure. Panels (b), (d)
and (f) show energy distribution maps (EDMs) taken from
the cuts #1, #2 and #3, which are overlaid on the Fermi
surface map. Panel (c) shows the energy distribution curves
(EDCs) from the EDM shown in (b). Panels (e) and (g) con-
tain the second derivatives of the EDMs shown in (d) and (f),
respectively. The sample temperature was 1K.
IV. RESULTS
A. ARPES data: Fermi surfaces and band
dispersions
Figure 1 shows the ARPES spectra of the
Fe1.068Te0.54Se0.46 superconductor, recorded along
the Γ − X high symmetry line using p-polarized light
with an excitation energy hν=75 eV. The Fermi surface
(FS) map shown in Fig. 1 (a) results from integration
over an energy window of 10 meV centered at the Fermi
level (EF ). In Fig. 1 (b), we show an I(k,E) image (EDM
or energy distribution map), taken along the cut #1 as
shown on the FS map in panel (a). Similarly, Figs. 1
(d) and (f) depict EDMs along cuts #2 (through Γ) and
#3 (through Z), respectively. Fig. 1 (c) shows energy
dispersion curves (EDCs) taken from the EDM shown
in Fig. 1 (b). The data shown in panels (e) and (g)
of Fig.1 are the second derivative of the EDMs shown
in Figs. 1 (d) and (f), respectively. The data shown in
Figs. 1 (b-d) clearly show the existence of two hole-like
bands, which we label α1 and α2, at the center of the
Brillouin zone. The band α1 disperses strongly towards
4EF but does not cross it, forming a van Hove singularity
near the Fermi level, consistent with the iron pnictide
superconductors.13,46–49 The α2 hole-pocket crosses EF
at a Fermi wavevector (kF ) of 0.15±0.02 A˚−1. At Z,
the high symmetry point is reached at a larger polar
angle, and we observe a band having weak spectral
weight crossing EF at a kF=0.16±0.02 A˚−1. This
observation of hole pockets at the zone center is in
keeping with previous reports on these compounds.10,31
Following an analysis of the measurement geometry and
polarization dependent selection rules laid out in detail
in Ref. 50, it can be concluded that the even parity xz,
xy, and z2 states are visible using p-polarized light as
used in Fig. 1. From the DFT calculations reported in
detail later in the paper, it transpired that the third,
Γ-centered hole pocket, α3, that we were unable to
distinguish in the present data has mainly xy orbital
character. Therefore we assign the bands α1 and α2,
detected using p-polarized light to have mainly xz and
z2 orbital character.
Figure 2 depicts analogous data to Fig. 1 but now
recorded using s-polarized light. In Fig. 2 we could again
resolve two bands at the zone center: α1 and α2. As in
the data shown in Fig. 1, the α1 disperses strongly to-
wards EF , and the α2 feature crosses the Fermi level at
a momentum vector of kF=0.15±0.02 A˚−1. In contrast
to the data shown in Fig. 1, we did not observe any spec-
tral weight at the Z-point for the s-polarized case. In
this measurement geometry, s-polarized light would be
expected to detect bands having x2 − y2 and yz orbital
characters. As we know that the x2 − y2 states are lo-
cated far below the Fermi level at the zone center,51 we
exclude these states from further discussion. Hence, the
bands α1 and α2 shown in Fig. 2 have predominantly
only yz orbital character.
From Figs. 1 and 2 it is clear that the spectral inten-
sity of the hole pocket α2 at the zone center is elongated
in the ky direction when probed with p-polarized light
and is elongated in the kx direction when measured us-
ing s-polarized light. This observation suggests that the
orbital contribution to the α2 Fermi sheet is directional,
i.e., in the ky direction the FS sheet has predominantly
xz orbital character and in the kx direction it is predom-
inantly of yz character. This observation is in very good
agreement with the predictions made in Ref. 52. Note
here that the orbital contribution to the α1 Fermi sheet
will be the other way round, meaning that in the ky di-
rection this FS sheet has predominantly yz character and
in the kx direction it is predominantly composed by the
xz character, as reported in Ref. 52 . The directional
orbital contribution to this Fermi surface is predicted by
theory for the iron pnictide compounds, but in exper-
imental data, the presence of an xy hole pocket with
circular energy contours does cast some doubt on this,
when viewed from the perspective of the ARPES data of
the iron pnictide system.
In Figs. 1 (d) and (f), a broad spectral feature labelled
γ can be seen at a binding energy EB=0.35 eV that is not
seen when the experiment is conducted with s-polarized
light. A very similar band dispersion has been observed
experimentally in BaFe2As2,
50 but at the greater binding
energy EB=0.6 eV, and is ascribed to the band formed
by the z2 states, thus we follow this attribution here also
for the Fe chalcogenide.50
Within this picture, the band γ is shifted almost 250
meV towards the Fermi level compared to Ba122,50, indi-
cating a different hybridization between the Fe 3d states
and the chalcogenide 4p states in these compounds com-
pared to the 122 materials.53 This conclusion is also con-
sistent with the earlier ARPES data on stoichiometric
and non-stoichiometric Fe chalcogenide and related com-
pounds, as well with DFT calculations.30,32–34
Figure 3 shows ARPES data from Fe1.068Te0.64Se0.36
measured with an excitation energy of hν=88 eV using
s-polarized light. In Fig. 3(a) we show the FS map ex-
tracted from integrating over an energy window of 10
meV centred at EF , in which hole pockets at the zone
center and an electron pocket at the zone corner are
seen, similar to the data from the crystals with x=0.46.
Figs. 3(b) and 3(c) show EDMs taken along the cuts #1
and #2, respectively. From these EDMs, two hole-like
bands, α1 and α2, can be resolved at the zone center.
The band α1 disperses strongly towards EF but does
not cross it, while α2 crosses EF at a Fermi vector (kF )
0.15±0.02 A˚−1. Fig. 3(f) shows the EDM resulting from
cut #3 in which an electron-like band we label β1 can
be seen at the zone corner. The second derivative of the
EDM from panel (f) is shown in Fig. 3(g). Both the
raw data and the second derivative show that the bot-
tom of the electron pocket is close to EF , indicating that
the electron pocket is shallow, as has also seen in other
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Figure 3: ARPES data from Fe1.068Te0.64Se0.36 measured
with an excitation energy hν=88 eV using s-polarized light.
Panel (a) shows the Fermi surface map. On the figure, the
light polarization vector (~ε) is displayed. Panels (b), (c) and
(f) show the energy distribution maps (EDMs) taken from
the cuts #1, #2 and #3, respectively, as shown overlaid on
the FS map. Panels (d), (e) and (g) are the second deriva-
tives of (b), (c) and (f), respectively. (h) and (i) show energy
dispersive curves from EDMs in (b) and (c), respectively.
5iron-based superconductors.12,27,49
Next we show ARPES measurements performed to re-
veal information on the kz dependent electronic struc-
ture. For this, photon energy dependent ARPES spectra
were recorded for k|| near the zone center, with photon
energies ranging from hν=63 to 117 eV in steps of 3 eV.
Data were recorded using p-polarized light along the Γ-X
high symmetry line. Fig. 4(a) depicts the Fermi surface
map in the ky − kz plane. Figure 4(b) shows momentum
distribution curves as a function of photon energy, fitted
with two or three Lorentzian functions. The peak posi-
tions of the α2 band extracted from the fits are shown
by the black cirlces on the MDCs. The high symmetry
points Γ (hν = 96 eV) and Z (hν = 81 and 114 eV) have
been identified using the formula
k⊥ =
√
2me
~2
[Ekincos2θ + V0] , (1)
where the inner potential, V0, has been taken to be 15±2
eV.51
Figs. 5 (a)-(c) show the EDMs taken along the Γ-X
high symmetry line at kz = 0, 0.5 and 1 in units of pi/c,
where c is the c-axis lattice parameter. These data were
measured using hν = 96, 90 and 81 eV, respectively, and
with p-polarized light. Superimposed in black on panels
5 (a)-(c) are the dispersion relations of the hole-like
band, α2, estimated from the fit to the MDC curves
using two Lorentzian functions. The white dashed lines
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Figure 4: (Color online) Photon energy dependent data taken
from Fe1.068Te0.54Se0.46 to reveal the kz dependence of the
electronic structure at the zone center measured using p-
polarized light. Panel (a) shows the ky, kz Fermi surface
map extracted over an integration window of 10 meV cen-
tred at EF , with the high symmetry points in kz marked.
Panel (b) shows a stack-plot of momentum dispersion curves
(MDCs) sampling different kz, together with the results of a
fit using two Lorentzian functions near the Z-point and us-
ing three Lorentzian functions near the Γ-point. The black
circles overlaid on the MDCs in panel (b) represent the peak
positions of the α2 band.
represent a parabolic fit to the black, MDC-derived
curve. Similarly, Figs. 5 (d)-(f) show analogous EDMs
recorded at kz = 0, 0.5 and 1 (pi/c), measured using the
photon energies hν = 96, 90 and 81 eV, with s-polarized
light. Superimposed in black on panels 5 (d)-(f) are the
dispersion relations of the hole-like band, α1, estimated
from the fit to the MDC curves using two Lorentzian
functions. The white dashed lines again represent a
parabolic fit to the black, MDC-derived curve. Figs. 5
(g)-(i) show the hole-like band dispersions from the
DFT band structure calculations along the Γ − X
high symmetry direction in k|| for kz = 0, 0.5 and 1
(pi/c), respectively. In panels (g)-(i) the dashed-curves
are hole-like bands from the calculations, while the
red/blue solid lines are the results of the parabolic fit to
the experimental bands corresponding to α1/α2. The
Fermi level of the calculated bands is shifted such that
the Fermi wavevector of the α2 hole pocket matches
that seen in experiment. In this way it is easier to
calculate the renormalization of the bands. However,
this method may lead to discrepancy in estimating the
renormalization of the α1 band (which does not cross
EF ). We will discuss this point in detail in the next
section.
B. Spectral functions and self-energies
1. Theory
ARPES provides an experimental window on the single
particle spectral function, A(E, k), and with a complex
self-energy Σ(E, k) = <Σ(E, k) + i=Σ(E, k) it is given
by
A(E, k) = − 1
pi
=Σ
(Ek − (k)−<Σ)2 + (=Σ)2 , (2)
where the real part of self-energy <Σ(E, k) can be ex-
tracted by subtracting the bare-band dispersion (k) from
the experimentally determined, renormalized band dis-
persion (Ek): <Σ(E, k) = Ek − (k). The imaginary
part of the self-energy can be extracted from the mo-
mentum widths of the experimental band features ∆k
and the bare-band velocity vk, is given by
=Σ(E, k) = ∆kvk, (3)
in which ∆k is the half-width half maximum of the
momentum distribution curve. On the other hand, one
can also calculate the imaginary part of the self-energy
using the scattering rate S(E) = ∆kv
∗
k and mass renor-
malization (m∗/mb) using the expression
=Σ(E) = S(E)m
∗
mb
. (4)
6Here v∗k is the renormalized velocity and it is assumed
that =Σ(E) depends only weakly on the momentum k.
m∗ is the effective mass estimated from the experimental
band structure and mb is the bare-band mass estimated
from the calculated band structure.
There are several theoretical approaches to describe
non-Fermi liquid behaviour of the single-particle spectral
function that can be observed in ARPES. For example,
using purely phenomenological ansatz, marginal Fermi
liquid theory (MFL)39 gives:
Σ(E)MFL =
1
2
[λMFLE ln(
Ec
u
)− ipiλMFLu], (5)
which is often used in fitting the ARPES data of high-
Tc cuprates.
54,55 Here u = max(|E|, kBT ), where kBT
is the thermal energy. Ec is the cutoff energy, which
in a first approximation corresponds to the width of
the conduction band.39 Note here that in context of the
marginal-Fermi liquid theory, the scattering rate can be
expressed as S(E) = α+βE, where α represent the elas-
tic electron-impurity scattering processes and β repre-
sents the electron-electron inelastic scattering. On com-
paring Eqs. 2 and 5, and considering the linear depen-
dence of S(E) on the energy, we can then calculate the
electron coupling constant using the formula
λMFL =
2
pi
m∗
mb
β. (6)
This marginal-Fermi liquid behaviour naturally
emerges in microscopic theories near the quantum critical
point in 3D systems. However obtaining this behavior in
2D systems remains problematic.
Another scenario for non-Fermi liquid behaviour is
based on the idea that the dominant interaction in the
cuprates is between the fermions and their low-energy
collective spin excitations. In this scenario, the non-
Fermi liquid behavior in the normal state is associated
with the proximity to a critical point, but this point
now separates paramagnetic and antiferromagnetically
ordered phases. It has been shown in the past56 that
in this case the self-energy can be written as
Σsf (E) = λsf
2E
1 +
√
1− i| Eωsf |
(7)
At small energies, E << ωsf , the system displays
Fermi-liquid behavior but is non-Fermi-liquid-like for in-
termediate and frequencies well above ωsf
2. Application of the theory to the ARPES data
In Fig. 6 we show the spectral width analysis of the
data measured on the Fe1+yTe0.5Se0.5 sample. From
Fig. 6 (c) it is clear that energy dependent scattering rate
obtained near the zone center suggests a non-Fermi liquid
behaviour for the quasiparticles populating the α1 band,
specifically a marginal-Fermi liquid type behaviour. As
an example, if Eq. 7 (spin-fluctuation, SF) is applied
to extract the self-energy of the hole pocket near the Γ
point, we find that the expression is able to give a very
good agreement to the data, as shown in Fig.7. On the
other hand, the qualifier is that for the spin-fluctuation
theory, an unrealistically large value of λsf ∼ 7 with
ωsf = 30 meV is required to get this good fit. We note,
however, that the SF-theory expression used here does
refer to the single band case, while in the multiband
situation relevant for Fe1+yTe1−xSex, the quasiparticle
linewidth is determined by the sum of intraband and in-
terband interactions and therefore the absolute numbers
for λsf inferred from the single-band theory should be
taken with caution. In addition, spin-fluctuation theory
predicts Fermi-liquid behaviour at energies well below
λsf (here ≈ 15 meV), a behavior that is not resolved
in these data at present. Due to these facts, we chose
in the following to concentrate on the MFL expression
( Eq. 6) for the analysis of data, without specifying the
microscopic origin of its self-energy. Given the MFL pic-
ture, the electron coupling constant λMFL extracted is
1.5 near the zone center. This value matches well with
the MFL coupling constant, λMFL=1.6, extracted from
ARPES data recorded from doped BaFe2As2 and NaFeAs
iron pnictides.22
V. DISCUSSION
A. Fe non-stoichiometry
Three well-resolved hole pockets around Γ have been
reported in ARPES data from an iron-stoichiometric
FeTe0.42Se0.58
10,13,57 superconductor, while the
data presented here from our non-Fe-stoichiometric
Fe1.068Te1−xSex (x=0.36 and 0.46) superconductors
only contain two hole pockets at the zone center. This
difference matches with other published data on non-Fe-
stoichiometric Fe1.03Te0.7Se0.3
34 and Fe1.03Te0.94Se0.6
13
compounds, in which only two hole pockets were ob-
served in ARPES at the zone center. We did pick up
three hole pockets from data (not shown) measured
on the close to Fe-stoichiometric Fe1+yTe0.5Se0.5 (y
<1%) sample, a result consistent with data from the
Fe-stoichiometric FeTe0.56Se0.44 compound.
57.
One recent ARPES report on the stoichiometric
FeTe0.56Se0.44 suggested that upon increasing the sam-
ple temperature the hole pocket with xy character com-
pletely loses its spectral weight, while the other two pock-
ets (xz/yz and z2) maintain their itinerant character also
at higher temperature.57 This was explained as the evo-
lution to an orbitally-selective Mott-insulator at higher
temperature. The data presented here are measured at
a sample temperature close to 1K, and yet the third
hole pocket around Γ is already missing in the case of
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Figure 5: (Color online) ARPES data taken on
Fe1.068Te0.54Se0.46. EDMs shown in (a)-(c) are mea-
sured at the kz values indicated (in units of pi/c), using
p-polarized light, and show the dispersive α2 band. Pan-
els (d)-(f) show analogous EDMs, but measured using
s-polarized light, and show the α1 band. In all panels (a)-(f),
the black dotted curves result from a fit to the MDC’s using
a pair of Lorentzian functions, and the thin white dashed
curves shows parabolae fitted to the black dotted dispersion
curves. From these parabolae, the effective mass, m∗, can be
determined experimentally. Panels (g)-(i) show the results
of DFT band structure calculations performed on the parent
FeSe compound,45 and the dashed lines show the pair of
hole-like bands predicted for each kz value. The parabolic
fits to the experimental band dispersions corresponding to α1
and α2 are shown in panels (g)-(i) as red and blue solid lines,
respectively. Panel (j) depicts the kz dependence (probed
via changing the photon energy) of the mass renormalization
(m∗/mb) for the α1 (red) and α2 (blue) bands and Fermi
velocity (upper curve, vF ) for the α2 band. Panel (k)
shows the calculated kz dependence of the Fermi velocity
(vF ) for the three hole-like bands estimated from the DFT
calculations.
Fe1.068Te1−xSex compounds.
The FeSe and FeTe systems and their doped variants
display complex and rich defect chemistry. For example,
in Ref. 58, ordering of Fe vacancies in β-Fe1−xSe is ar-
gued to lead to a non-superconducting, ’parent’ phase of
the FeSe superconductors. In Ref. 59, K2Fe4Se5 is ar-
gued to be an Fe vacancy-ordered non-superconducting
parent compound to the high-Tc K-intercalated FeSe su-
perconductors. Thus, the issue of off-stoichiometry in
these systems is central to their electronic structure and
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Figure 6: (Color online) EDM shown in panel (a) is taken
from the Fe1+yTe0.5Se0.5 sample measured using s- polarized
light with a photon energy of 46 eV, which corresponds to
kz=0. Black curves in panel (b) are the experimental band
dispersions extracted from fitting Lorentzian functions to the
momentum dispersive curves from the data shown in panel
(a). The red curve shows a fit to the experimental hole-like
band using a 4th order E − k dispersion relation. The black
curve in panel (c) is the energy dependent scattering rate
extracted from the data shown in (a) and the red curve shows
the result of a fit using marginal-Fermi-liquid theory.
ground-state properties.
Comparing the electronic structure between stoichio-
metric and non-stoichiometric compounds it can be seen
that already an iron excess of only 3% - irrespective
of the amount of Se doping - is enough to lead to the
third hole pocket at the zone center being barely resolv-
able.10,33,34,57 The absence of the third hole pocket (that
one which has dominant xy character) could be linked
to its Mott-insulating character due to the interaction
with the local magnetic moment of the excess iron. As
the because of which the spectral weight of xy band is
totally lost compared to the xz/yz bands,25 the interac-
tion between the itinerant electrons and the local mag-
netic moment of excess iron would seem to have more
effect on the in-plane xy band compared to the xz/yz
bands which possess more out of plane character. A
theoretical study suggested that each excess iron atom
provides an additional electron to the system in these
compounds,60 which could be expected to give rise to a
rigid-band-type shift of the Fermi level. This kind of be-
haviour has been seen on electron doping in the 122 iron
pnictide systems.51 From a comparison of our 11 ARPES
data with those of Ref. 34 and Ref. 10, we notice that the
γ band [as seen in Fig. 1 (d-g)] has a constant binding en-
ergy of 0.35 eV, irrespective of the amount of the excess
Fe present in the composition. This would argue against
a simple rigid-band-type scenario for the excess iron in
the 11 compounds.
B. Isovalent Se,Te substitution
Isovalent substitution generally induces an additional
crystal field potential to the system, and therefore, could
lead to changes in the electronic structure as has been
seen in the iron pnictide 122 system (BaFe2As2) on P
substitution for As61 or Ru for Fe.62 In our present study,
8Se substitution at the Te site is also isovalent doping that
could lead to a crystal field splitting of the Fe 3d orbitals.
Hence, one may expect changes in the electronic struc-
ture of Fe1.068Te1−xSex with varying Se doping concen-
tration. However, we did not observe noticeable changes
for x varying between x=0.36 and 0.46 (see Figs. 1, 2
and 3). In the case of the iron pnictides, we have seen
that the isovalent substitution of P for As in the Ba122
system leads to changes in the electronic structure even
for a substitution as small as 5%.61 A recent report on
the iron chalcogenides offers a solution to this apparent
discrepancy, as it communicates that Se doping mainly
affects the band of xy character, leaving the other two
hole-like bands (xz/yz and z2 at the zone center) mostly
unchanged.38 As already discussed above, our ARPES
data show only two hole-like bands around the zone cen-
ter, and our polarisation analysis attributes these to the
xz/yz and z2 related bands, so the arguments of Ref. 38
also fit our data well.
C. Orbital ordering
A directional orbital contribution to the hole pockets
in the iron pnictides has been proposed by Graser et al.,
in their itinerant picture of the electronic structure of
these systems.52 In the present study of the 11 system, a
directional orbital contribution to the hole pockets could
clearly be observed [see Fig. 1 and Fig. 2]. What the
implications are of this orbital ordering in k-space for
superconductivity is not clear at present. Intraorbital in-
teractions between hole and electron pockets have been
argued to be advantageous for iron-based superconduc-
tivity, over interorbital interactions.63 In this context the
orbital ordering of the Fermi sheets that contribute to
the Cooper pairs at both the center and corner of the
Brillouin zone is certainly an asset for high-Tc supercon-
ductivity, in addition to considerations involving Fermi
surface nesting.
D. Dependence of the electronic structure on kz
1. Orbital character
Next, we discuss the kz dependence of the electronic
structure at the zone center. In 122 systems, we ear-
lier reported a strong kz Fermi surface warping at the
zone center due to the transformation of orbital char-
acter from xz/yz to z2 while going from Γ to Z.50 In
contrast, Fe1.068Te0.54Se0.46 shows only a weak kz warp-
ing along the Γ−Z direction (see Fig. 4), a situation also
picked up on in Ref. 27. This can be linked to the ab-
sence of an orbital character switch from xz/yz to z2 in
the 11 compounds, as opposed to the 122 systems. This
conclusion is supported by the observation of kz depen-
dent band dispersion of the α1 band [see Figs. 5 (d)-(f)],
attributed here with the help of the DFT calculations to
the xz/yz and z2 orbital character.
From Figs. 5 (d)-(f) it can clearly be seen that the α1
band just touches EF at the Γ-point and then disperses
away from the Fermi level towards higher binding energy
while approaching the Z-point. Therefore, the z2 orbital
does not contribute to the Fermi surface at the Z point,
meaning that the states seen in the kz map measured near
the zone center have solely xz/yz character [see Fig. 4
(a)]. These observations are in good agreement with the
minimal orbital theory of iron-based superconductors,64
which stresses not only the simple crystal structure of the
iron chalcogenide superconductors but also their simple
low-energy electronic structure. Two further interesting
points can be noted here: (a) in this 11-compound, only
a single band exists at the Fermi surface at the Z-point
which could contribute to superconductivity, whereas in
122 systems all three bands are present and (b) the top
of the α1 band shifts towards higher binding energy in
the present system while going from Z to Γ, whereas it
shifts towards lower binding energy in the 122 systems
while going from Z to Γ.
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Figure 7: (Color online) Imaginary part of self-energy (=Σ)
is plotted as a function of energy below EF . The differ-
ent lines compare =Σ from marginal-Fermi-liquid theory and
spin-fluctuation theory. Black curve is the experimental data
and red solid curve is a MFL fit to the experimental data
shown in Fig. 6(c). Blue and green dashed curves are the
SF-theory simulations using Eq. 7, and differ with respect to
their coupling constant (λsf ) and characteristic energy (ωsf ).
92. Mass renormalization
From the estimation of mass renormalization as a func-
tion of photon energy shown in Fig. 5(j), it can be seen
that the α2 band retains a value of m
∗/mb ≈ 1.8±0.3 for
all kz values probed. This is in contrast to the case for
the α1 band, which shows strong variation in the mass
renormalization from m∗/mb ≈ 1.5±0.4 to 5.2±1 in the
region for which kz=0.5 (hν = 87 and 90 eV). We note
that a m∗/mb value of just under two is shared by both
bands close to Γ (hν = 96 eV). As mentioned previously
in the results section, the α2 band from DFT was shifted
so as to match the experimental kF for this band. This
could not be done for the α1 band, and the resultant un-
certainty in the fidelity of the energy location of the top
of this band in the DFT could contribute to the observed
strong variation in the mass renormalization for α1.
There is good consistency between the mass renormal-
ization and the calculated Fermi velocity for the band
α1. Fig. 5(k), which changes in Fermi velocity from 0.65
eVA˚ at the Z-point to greater than 0.9 mid-way to Γ
and finally takes a value of 0.85 eVA˚ at the Γ-point it-
self. In contrast, the DFT predicts a kz independent
Fermi velocity of vF=0.5±0.1 eVA˚ for the α2 band, and
this is not only quantitatively consistent with the ex-
perimental data that give a kz-independent vF=0.4±0.1
eVA˚ [see Fig. 5(j)], but also consistent with the kz in-
dependent mass renormalization for this band. We note
here that, on the whole, the mass renormalizations we
observe for both hole pockets are consistent with the val-
ues of m∗/mb ≈ 2-4 reported in Refs.24,38. Closing the
discussion on the effective mass, we emphasize that in the
light of the calculations reported in Ref. 22, the moderate
mass enhancements seen here of between 2 and 4 occur
only at higher binding energies, i.e. well away from the
chemical potential. In the case where a flat band lies
close to the Fermi level yielding a van Hove singularity
and there is an imminent Lifshitz transition, then a dra-
matic increase in the mass enhancement occurs within
the marginal-Fermi liquid model, which directly follows
from the linear-in-energy dependence of imaginary part
of the self-energy (=Σ). This means that when calculat-
ing the real part of self-energy (<Σ) via a Kramers Kro-
nig transformation of =Σ, the low-energy logarithmic in-
crease of <Σ leads to a very flat band and to strong mass
enhancements of order 10 near the chemical potential.22
3. Quantum criticality and energy dependent scattering
rates
Quantum criticality in the iron-based superconductors
is part of the current consensus as regards the under-
standing of high-Tc superconductivity in these materi-
als. A quantum critical point in these compounds has
been observed experimentally2,19–21 and predicted the-
oretically.3,65 Quantum criticality in iron-based super-
conductors is rooted to short range spin-fluctuations ac-
tive across an interband nesting vector (pi,0). Near the
quantum critical point, the system switches from being a
Fermi liquid to displaying marginal Fermi liquid behav-
ior. This means that the imaginary part of the self energy
has a linear dependence on the energy,39,66 which is sig-
nificantly different from the quadratic energy dependence
observed in conventional Fermi liquids. In the present
case this has been systematically studied for the 11 sys-
tem. Earlier DMFT calculations suggested a crossover
from Fermi liquid to a non-Fermi liquid character in the
case of BaFe2As2 at optimal hole doping given sufficiently
high sample temperatures.17 No such behaviour has been
predicted with temperature for electron doping in the
122 materials, and recent optics data show Fermi liquid
behavior in the bulk of annealed, electron doped Ba122
crystals.18
On the contrary, a recent ARPES study on various
122 and 111 systems doped with charge carriers and
with isovalent substitution into the parent compound un-
ambiguously shows a non-Fermi-liquid character near a
regime of optimal charge doping or substitution.22 In the
ARPES data presented here from the iron chalcogenide
Fe1+yTe0.5Se0.5 system, a non-Fermi-liquid behaviour of
the quasiparticles was found for the band α1 near the
zone center by extraction of the scattering rates as a
function of the binding energy [see Fig. 6]. Specifically,
we found a linear energy dependency of the scattering
rate on binding energy, resembling the behaviour of a
marginal-Fermi-liquid. Given the discussion above, It
is relevant to note here that the top of the α1 band is
very close to the Fermi level and will yield a van-Hove-
singularity-like peak in the density of states. in close
proximity to a van Hove singularity near the Fermi level.
Following the argumentation of Ref. 22, the presence of a
van Hove singularity would induce non-Fermi-liquid be-
haviour for the quasiparticles. The data presented here,
therefore, can be taken to provide evidence for the im-
portance of such phenomena in high-Tc superconductors
of iron parentage, besides the well-known case of the
copper-oxides.39,67
VI. CONCLUSIONS
In conclusion, using angle-resolved photoelectron spec-
troscopy (ARPES), we have studied the electronic
structure of Fe1+yTe1−xSex superconductors. From
polarization-dependent measurements we disentangled
the orbital character of the detected bands that are
formed mainly by the combination of xz, yz and z2 states
in the vicinity of the Fermi level. We observed that
the presence of excess Fe does not shift the bands in a
rigid-band manner in these compounds. The kz depen-
dent band structure suggests weak Fermi surface warp-
ing along the Γ − Z direction for the α2 band, while
the α1 hole-like band that does not cross the Fermi level
shows a moderate kz dispersion. The mass enhancement
factor (m∗/mb) was not observed to change significantly
10
from Γ to Z for the α2 band, but a dramatic change in
m∗/mb was seen for the α1 band close to kz=0.5 in units
of pi/c. Despite this, near the Γ- and Z-points, both the
α1 and α2 bands show the same mass enhancement fac-
tor within the range m∗/mb=1.8±0.2. The observation
of a kz-independent Fermi velocity (vF ) for the α2 hole
pocket is consistent with our DFT calculations.
We go on to show that the experimentally obtained
imaginary part of the self-energy can be compared with
both the marginal-Fermi-liquid and spin-fluctuation the-
oretical scenarios. The spin-fluctuation theory give a rea-
sonable agreement to the data but with unrealistic pa-
rameters (λsf=7 and ω=30 meV). The marginal-Fermi-
liquid approach fitted the self-energy data for the α1 band
well, yielding a coupling constant, λMFL=1.5, which is
in close agreement with analogous constants derived for
doped BaFe2As2 and NaFeAs iron pnictides.
22 We dis-
cuss that the observed non-Fermi-liquid behaviour for the
quasiparticles near the zone center in the 11 compounds
could follow from the proximity of a van Hove singular-
ity due to the α1 band to the Fermi level, thus making a
direct link between the existence of a near EF van Hove
singularity, non-Fermi-liquid behavior and high-Tc super-
conductivity in iron-based compounds.
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